ABSTRACT. Pollen character evolution in yams (Dioscorea: Dioscoreaceae) was investigated in relation to the phylogeny obtained from a recent combined analysis of rbcL and matK gene sequences. The following characters were evaluated: pollen size, aperture number, sexine ornamentation, perforation density, and orbicule presence or absence. Continuous characters were coded using the gap weighting method. Each character was optimized using MacClade onto a tree selected at random from analyses based on molecular data of Wilkin et al. The results indicate that in Dioscorea pollen size decreases in the more derived clades. The latter observation may be related to the evolution of annually replaced tubers. Aperture number increases from one in the monosulcate Stenophora clade (sister to the rest of Dioscorea) to two in other Dioscorea clades. This may be related to the presence of simultaneous microsporogenesis in Dioscorea. A perforate sexine is plesiomorphic in Dioscorea and a striate pattern has evolved more than once and is particularly characteristic in the Malagasy clade. Sexine ornamentation in the Stenophora clade is diverse. The endemic allotetraploid D. pyrenaica is characterized by large, monosulcate, gemmate pollen. The Dioscorea B clade is characterized by pollen with small, dense perforations. Orbicules occur in all Dioscorea species, but are absent in most of the outgroup taxa.
, Caddick et al. (1998) , and Xifreda (2000) were the first to suggest the possible taxonomic significance of pollen morphology within Dioscoreaceae, a family of about 450 species growing in humid tropical and subtropical areas. Their work indicated that Dioscorea L., the yam genus to which 90% of all Dioscoreaceae belong, was palynologically diverse. Following these preliminary studies, Schols et al. (2001 Schols et al. ( , 2003 examined pollen of 96 Dioscorea species with light microscopy (LM) and scanning (SEM) and transmission electron microscopy (TEM). They described pollen of Dioscorea as monosulcate or disulculate, with a mainly perforate, perforate to microreticulate or striate sexine. They also found aperture number and sexine ornamentation to be frequently consistent within samples from each section. Pollen characters indicated support for the relationship between some existing infrageneric taxa, for example D. sect. Asterotricha and D. sect. Enantiophyllum Uline originally proposed by Burkill (1960) , and between D. sect. Botryosicyos (Hochst.) Uline and D. Sect. Lasiophyton Uline.
Concurrently, Wilkin et al. (2005) expanded the Dioscoreaceae rbcL data set of Caddick et al. (2002) and added matK sequences to it. Using these data, they presented the first infrageneric phylogenetic hypothesis for Dioscorea. The general tree topology of this combined molecular analysis is as follows. The outgroups, selected on the basis of the earlier analysis of Dioscoreales by Caddick et al. (2002) This molecular phylogenetic framework enables us to trace the evolution of pollen morphology within Dioscorea. Pollen characters have been assessed in a phylogenetic context previously by several workers, including Rudall et al. (1997) , Rudall (2000, 2001) , Doyle et al. (2000) , Cameron et al. (2001) , and Sauquet and Le Thomas (2003) . Most of these studies dealt with pollen evolution within a family or at higher levels. Schols et al. (2001 Schols et al. ( , 2003 found significant variation in pollen morphology of Dioscorea. However, studies of the evolution of pollen characters within a genus are comparatively rare even for large genera. Thus our work on Dioscorea may indicate the potential for using such methods in the systematics of large genera.
MATERIALS AND METHODS
Pollen Characters. A complete list of Dioscorea and Tacca specimens for which pollen and anthers were examined is given in Appendix 1. Descriptions of the methods used are given in Schols et al. (2001 Schols et al. ( , 2003 . Measurements of pollen perforation density and perforation size were carried out on digital SEM images using SCHOLS ET AL.: POLLEN EVOLUTION IN YAMS Carnoy 2.1 for Mac OS X (Schols et al. 2002) . Terminology follows the international glossary (Punt et al. 1998 ). All Dioscorea pollen data are based on observations by Schols et al. (2001 Schols et al. ( , 2003 . Data for Rajania cordata are from Raz et al. (2001) . For the outgroup taxa, data for Tacca are based on observations by the first author (P. Schols, unpubl. data) . Data for other Dioscoreaceae with hermaphrodite flowers are from Caddick et al. (1998) , and data for Burmanniaceae are from Chakrapani and Raj (1971) , Rü bsamen (1986) , and Caddick et al. (1998) .
Three continuous characters (pollen size, perforation density, and perforation size) were coded using Thiele's gap weighting method as implemented by MorphoCode (Schols et al. 2004) , with n ϭ 10, where n is the number of allowed character states in the Thiele formula (Thiele 1993) . MorphoCode offers the user the possibility to import data as tab-separated text, choose the number of character states, perform all necessary calculations and export the newly coded data to a Nexus file. MorphoCode and its source are available free on the MorphoCode website: www.kuleuven.ac. be/bio/sys/mc under the GNU GPL. To compensate for the high weight (10) all continuous characters receive as a result of the gap weighting method, the continuous characters were assigned a weight of 0.1 (ϭ 1/10), in order to give them a maximum length equal to the other characters. Non-continuous data were treated as unordered multistate characters (aperture number, ornamentation type, presence or absence of orbicules) and were assigned the default weight of 1.
Character Optimization. Since Wilkin et al. (2005) have obtained a stable overall topology, we felt confident optimising pollen characters onto the trees at this stage of our research. Characters were optimized on one of the 15868 most parsimonious trees chosen at random from the combined rbcL and matK analysis of Wilkin et al. (2005) using DELTRAN in MacClade 4 (Maddison and Maddison 2001) . Adding the pollen characters to the matrix of rbcL and matK sequences and running a new analysis produced a strict consensus tree of identical topology to that presented by Wilkin et al. (2005) and had only a minor influence on the support indices (results not shown here). Therefore, we decided to optimise the pollen characters on the molecular tree. It should be remembered that the sampling of taxa in Wilkin et al. (2005) is biased towards Old World taxa, particularly Thailand and Madagascar. Due to coding the continuous characters with Thiele's gap weighting method, they have a large number of states (see Schols et al. 2004 for an explanation of the gap-weighting method).
RESULTS
Four trees are presented each showing a single pollen character (Figs. 1-4 ). Perforation size (not shown) was also optimized but lacked congruence with the phylogeny.
DISCUSSION
Pollen Size (Figs. 1, 5A) . Pollen size is a rather homoplasious character, as may be expected (Fig. 1) Su (1987) proposed that Dioscorea species with perennial tubers or rhizomes have larger pollen grains and this correlation was shown to be statistically significant by Schols et al. (2001 Schols et al. ( , 2003 . The reasons for this are not known, although resource allocation in yams could be a useful area for future work. Dioscorea pyrenaica, an endemic from the Pyrenees, was recently shown to be an allotetraploid, which may correlate with large pollen size (Segarra-Moragues and Catalán in press). Within the B clade, there are fewer taxa with large pollen, for example D. pseudonitens in the Birmanica clade. In the Malagasy clade, D. fandra, which is sister to the rest of the more diversified subclade, has large pollen. The pollen grains of the rest of the more diversified subclade are smaller, as are those of the only member of the D. arcuatinervis-D. bemarivensis clade sampled, D. arcuatinervis. This suggests that evolution has mainly acted to reduce pollen size in Madagascar. Large pollen is absent from the rest of the B clade, which have pollen of less than 30 m (Fig. 5A ). It is difficult to find reasons for this, although a it may be correlated with possession of annually replaced tubers in the B clade and in turn the ability to colonise a wider range of habitats (Burkill 1960) . The cost of the flexibility afforded by an annually replaced tuber may be less resources available for reproduction.
Aperture Number (Figs. 2, 5A ). The outgroup taxa and the Stenophora clade have a single pollen aperture, with two apertures characterizing the majority of Dioscorea species (Fig. 2) . In the outgroup, Burmannia madagascariensis and B. longifolia are ulcerate while the monoecious Dioscoreaceae are monosulcate, with the exception of Trichopus sempervirens, which is 4-or 5-pantoporate (Caddick et al. 1998 ). Most Dioscorea species are disulculate and disulculate pollen clearly evolved only once in Dioscorea (Figs. 2, 5A ). Exceptions are the Stenophora clade and D. pyrenaica (Fig. 2) . The Stenophora clade is exclusively monosulcate (Fig. 5A) and D. birmanica, a disulculate species placed in section Stenophora by Prain and Burkill (1936) , is a member of the B-clade. Schols et al. (2003) previously suggested it was misplaced in section Stenophora on the basis of pollen morphology. Interestingly, the monosulcate D. pyrenaica is a polyploid (see above: Pollen Size), which may explain the occurrence of atypical pollen here. In a few species (e.g., D. fandra and D. hexagona) the majority of the pollen is disulculate with smaller, collapsed and wrinkled monosulcate grains forming a low percentage (below 5%: Schols et al. 2001 Schols et al. , 2003 . Possibly this monosulcate pollen is sterile although this requires further testing.
Evolution of pollen aperture number from low to higher numbers has been suggested previously for several groups, for example, Alismatales (Chanda et al. 1988) , monocotyledons (Zavada 1983) , and eudicots (Van Campo 1976) . Experimental evidence demonstrates that increased aperture number may confer a selective advantage in Viola species (Dajoz et al. 1991) because it increases the number of prospective germination sites, thus facilitating contact between at least one aperture and the stigmatic surface. The increase in aperture number from one to three may be a critical factor in eudicot success (Furness and Rudall, 2004) . It has been proposed that pollen aperture number and pattern is related to microsporogenesis (e.g., Blackmore and Crane 1998) and a correlation between simultaneous microsporogenesis and trichotomosulcate apertures has been demonstrated in Asparagales (Rudall et al. 1997) . Based on experimental work on Nicotiana, Ressayre et al. (2002) proposed that simulta-FIG. 2. Aperture number optimised onto one of the 15868 most parsimonious trees of Wilkin et al. (2005) . Branches labeled with an arrow collapse in the strict consensus.
neous cytokinesis allows variation in the interaction between nuclei, which is impossible in successsive microsporogenesis, thus leading to heteromorphic pollen. Changes in aperture number are thus potentially easy to achieve. Microsporogenesis is succcessive in most monocotyledons, although the simultaneous type has arisen several times independently within the group Rudall 1999, 2000) . Within Dioscoreales, Nartheciaceae and Burmanniaceae have successive microsporogenesis and Dioscoreaceae are simultaneous (Caddick et al. 1998; Rudall 1999, 2000) . The shift from successive to simultaneous microspo- rogenesis precedes the shift from monosulcate to disulculate pollen (Fig. 2) and may have facilitated the switch to two apertures. The existence of several species with heteromorphic pollen (one or two apertures) also indicates that this change was relatively easy and is in agreement with Ressayre's (2002) hypothesis. In Dioscorea pollen the change to two apertures appears to be irreversible, probably becoming fixed by a selective advantage confered by more than one potential germination site. However, some monocots with successive microsporogenesis have multiple apertures. Some Alismatales (Chanda et al. 1988 ) and the Bur -FIG. 4 . Orbicule presence optimised onto one of the 15868 most parsimonious trees of Wilkin et al. (2005) . Branches labeled with an arrow collapse in the strict consensus. manniaceae genera Dictyostega and Thismia (Chakrapani and Raj 1971; Rü bsamen 1986), and Pontederiaceae (Commelinales) are successive and disulculate (Simpson 1987; Ressayre 2001) .
Sexine Ornamentation (Figs. 3, 5B-G) . A perforate sexine is plesiomorphic and occurs throughout the outgroup and in the majority of Dioscorea species sampled (Fig. 3) . Perforation size and density vary (see below: Perforation Density). The perforate sexine type includes perforate to microreticulate (e.g., D. antaly) since both ornamentation types are observed in the same grain (Schols et al. 2003) .
Striate ornamentation, which is relatively uncommon in the monocotyledons (Van der Ham 1998), is (Figs. 3, 5D) . A striate sexine also occurs in some New World yams and in some Rajania species (Xifreda 2000; Raz et al. 2001; Schols et al. 2001 Schols et al. , 2003 . These taxa are not included in our analysis due to absence of molecular data. It appears that the striate pattern has arisen independently several times within Dioscorea. The fact that the striae in Stenophora and the African clade are almost twice as wide as those in the Malagasy clade supports this (Schols et al. 2003 ). There appears to be a single origin for the striate pattern in the Malagasy clade, which is divided into two well-supported sub-clades (Wilkin et al., 2005) . In the first, a gemmate sexine has evolved in D. alatipes with a reversal to the perforate condition in D. ovinala. The second sub-clade containing D. arcuatinervis and related species is characterised by striae arranged in concentric polygons (Fig. 5E) .
A rugulate sexine occurs in D. nipponica in the Ste-nophora clade (Fig. 5F ). All three Stenophora species sampled have a different ornamentation type (striate, rugulate and perforate), indicating a high level of diversity in this clade. Other Stenophora species examined by Schols et al. (2001 Schols et al. ( , 2003 and not included in the analysis also have a variety of sculpturing types. Possibly sexine ornamentation is less fixed here. The New World Rajania (Dioscorea) cordata also has rugulate ornamentation, as do some New World Dioscorea species not included in the analysis (Xifreda 2000; Schols et al. 2003) , although the rugulate pattern in these taxa does not look like that of R. cordata and is therefore unlikely to be homologous. Gemmae have evolved twice, in the Malagasy D. alatipes (see above) and European D. pyrenaica, a polyploid with atypical pollen discussed previously (Fig.  5G) . The gemmae differ in mean diameter, those of D. alatipes are about 0.4 m and those of D. pyrenaica about 1.2 m, supporting their independent origin. Dioscorea pyrenaica is ant pollinated and the gemmate ornamenation here could possibly be a related adaptation (Garcia et al. 1995; Caddick et al. 1998) .
Perforation Density (Figs. 5B-C Orbicules (Figs. 4, 5H-J) . Orbicules-small sporopollenin bodies found in the anther locule-occur throughout Dioscorea (Figs. 4, 5H, I ). Orbicules in Dioscorea are mostly spherical but are sometimes elliptical, irregularly shaped or spiny. They are found on the tangential and radial walls of the tapetal cells (Schols et al. , 2003 . Orbicules are associated with secretory tapeta (Huysmans et al. 1998 ) which occur throughout Dioscoreales . Orbicules are however absent from the outgroup taxa Tacca ( Fig. 5J ; P. Schols, pers. obs.) and Burmaniaceae, which is unusual for taxa with secretory tapeta, although they are present in Trichopus sempervirens (L. R. Caddick, pers. comm.) .
This study shows that pollen characters can contribute to the systematics of large genera. Most of the palynological characters discussed in this paper show at least some congruence with the plastid gene phylogeny. For example, there is a trend to smaller pollen grains in more derived Dioscorea clades and a shift from monosulcate pollen in the basal Stenophora clade to disulculate pollen grains in the remainder of the genus. Orbicules occur in almost every Dioscorea species but are absent from all representatives of Tacca. In future, further sampling of pollen, especially New World taxa, will help to give a complete picture of the diversity and relationships in Dioscorea. Studies of pollen development, especially pollen apertures, may help to understand the shift from monosulculate to disulculate apertures in Dioscorea between the Stenophora clade and the rest of the genus.
